Signal-Averaged Electrocardiogram
Background. Although the signal-averaged ECG (SAECG) is currently the best noninvasive test to identify patients with ventricular tachycardia (VT) following myocardial infarction (MI), it is still a relatively insensitive test. Body surface mapping has improved the sensitivity of ECG in detecting various cardiac diseases. This study applied body surface mapping to the SAECG in the form of a clinically practical, 28-lead optimal array and compared its sensitivity and specificity with those of an orthogonal array.
Methods and Results. Two hundred twenty-three patients with previous MI (82 with inducible VT) underwent SAECG using 28 surface electrodes from which were obtained a three-lead orthogonal array and a 28-lead optimal array (optimal). From the orthogonal array, two QRS durations (QRSd) were obtained using the combined vector magnitude method (CVM) and the earliest onset to latest offset of the three individually filtered leads (individual). From the optimal array, 28 QRSd were obtained, each defined as the duration from the earliest onset of any of the 28 leads to the offset of each individually filtered lead. QRSd>120 msec in >3 leads was considered abnormal. For CVM and individual, QRSd of >120 msec were considered abnormal. While the specificity of each method was comparable (84%, 86%, and 84% for CVM, individual, and optimal, respectively), the sensitivity of optimal (70%) was significantly greater than the sensitivity of CVM (54%) (p=0.001) or individual (59%) (p=0.004). The magnitude of improvement in sensitivity, 16% and 15%, respectively, was equal for anterior (n=120) and inferior (n=103) infarctions.
Conclusions. Body surface mapping using the 28-lead optimal array significantly improved the sensitivity of the SAECG without loss of specificity. The increased sensitivity was of equal magnitude for inferior and anterior infarctions. -The superiority and practicality of the 28-lead optimal array make it worth pursuing as an option for further refinement in SAECG. (Circuaton 1993 (four with inducible VT), the most recent site of infarction was used for the classification.
SAECG
Each patient underwent one single SAECG in the supine position in an unshielded room on the same day as the electrophysiological study. Silver/silver chloride electrodes (3M Pediatric Monitoring Electrodes No. 2248, Ontario) were applied according to the grid shown in Figure 1 after the skin surface was cleansed with alcohol. In male patients, the anterior chest wall was shaved if necessary.
Optimal Array
An optimal 28-lead array described by Lux29 was used ( Figure 1 ). This is a practical, limited lead set derived from a 192-lead body surface mapping system. By using 28 properly located electrodes, it allows accurate estimation of total body surface potential distribution, offering a practical solution to the cumbersome task of 
Orthogonal Array
The X, Y, and Z leads were a subset of the 28-lead system ( Figure 1 ). The X lead was at the left midaxillary line at the fourth intercostal space. The Y lead was to the left of the umbilicus, and the Z lead was at the V2 position. Each lead was referenced to the Wilson central terminal.
ECGs from the 28 leads were acquired simultaneously, amplified (5,000 gain), and filtered (0.05-500 Hz). Data were concurrently sampled at 1 kHz/channel, digitized at 12-bit resolution, and recorded continuously for a fixed duration of 250 seconds. Between 250 and 400 beats were usually acquired during this interval.
The recordings from the X, Y, and Z leads were then recalled in 2-second segments so that ventricular premature beats and noisy segments of recording could be marked manually for exclusion from averaging. The two sinus beats following each ventricular premature beat were also excluded. Averaging was performed on a DEC PDP 11/73 computer after an iterative cross-correlation procedure had been used to optimize QRS alignment.31 Each averaged complex from the 28 unipolar leads was filtered bidirectionally with a 25-Hz high-pass filter (four-pole Butterworth). The areas to commence forward search for QRS onset and backward search for QRS offset were manually selected. Simson's computer algorithm was used to find the QRS offset for each lead. Thus, the offset is the midpoint of a 5-msec segment where the average value exceeded the mean +3 SDs of a 40-msec noise sample. To determine the QRS onset, the mean of the absolute differences between successive values over a 25-msec nal array and the optimal array, the orthogonal leads were analyzed individually as well as in the form of a combined vector magnitude. Thus, two QRS durations were obtained for the orthogonal array. The first QRS duration was obtained from the combined vector magnitude of the X, Y, and Z leads (CVM). The second QRS duration was defined as the duration from the earliest QRS onset in any of the three individual X, x and Z leads to the latest QRS offset of any of the three individual X, x and Z leads (individual).
For both the CVM and individual, the cut point for defining late potentials was tested in steps of 5 msec from a QRS duration of 100 msec to a QRS duration of 140 msec except from 105-120 msec, where steps of 3 msec were used. Root-mean-square voltage for the last Sensitivities and specificities for some of the tested criteria for the combined vector magnitude method and the optimal array are shown in Table 5 . In general, when a shorter QRS duration was used to define late potentials, sensitivity rose while specificity fell. For the optimal array, when the number of leads (nx) required to exceed a defined QRS duration was increased, sensitivity decreased while specificity increased. Thus, setting a QRS duration criterion at 120 msec, if the nx criterion was changed from nx.1 to nx>4, the sensitivity would decrease from 74% to 67% while the corresponding specificity increase from 75% to 84%. Figure 2 is a plot of sensitivity against specificity achieved by the two arrays. For the same specificity achieved by each array, the optimal array achieved a higher sensitivity compared to the orthogonal array. Also, for any sensitivity, the optimal array achieved a higher specificity than the orthogonal array.
The effect of combining QRS duration with V40 in defining late potentials is shown in Table 5 and Figure 3 .
For each combination of QRS duration with V40, there was an identical result achievable by using only a single QRS duration as the criterion for defining late potentials. Since 120 msec is the commonly used cut point in the literature for defining late potentials32'33 and since this cut point was associated with the best predictive accuracy in both methods of analysis in the present study, a QRS duration of 120 msec will be used hereafter as the cut point for both the combined vector magnitude and the individual lead analysis methods. For the optimal array, a late potential will be defined as QRS duration of more than 120 msec in three or more leads.
Using the above criteria, of the 141 patients with no VT, the orthogonal array correctly classified 119 and 121 patients using the combined vector magnitude and individual lead analysis methods, respectively, yielding specificities of 84% and 86%, respectively (Table 6 ). This was similar to the specificity of 84% achieved by the optimal array. Of the 82 patients with VT, the orthogonal array correctly classified 44 of different lead systems, refined methods of signal processing, and novel analyses. In this study, we compared the sensitivity and specificity of two different lead systems, using the same hardware for data acquisition, processing, and analysis in the same group of patients. By using a limited lead set of 28 strategically positioned electrodes,29 termed optimal array, there was an improvement of 15% in sensitivity compared with an orthogonal array without any loss in specificity. This is represented by a shift to the right in the sensitivity/ specificity curve in Figure 2 . The refinement was at least as valuable in patients with anterior infarctions as in those with inferior infarctions. The absolute magnitude of increase in sensitivity obtained by the optimal array was 16% for the anterior infarction group and 15% for the inferior infarction group.
Existing methods of detecting late potentials suffer several limitations. 1) The usual practice of combining three orthogonal leads into a single vector magnitude assumes that the combined complex can provide a "total view" of the heart. This method can potentially attenuate the fidelity and amplitude of late potentials. The X, Y, and Z leads may not be truly orthogonal or balanced due to electrical inhomogeneities within the body, variability in posture, torso shape, and anatomic location of the heart. 2) Even if the X, x and Z leads were truly orthogonal for a particular patient or specific heart-totorso relation and were analyzed individually, if the signal-to-noise ratio was unfavorable (<three times the noise level) or if late potentials were not dipolar, late potentials may be missed. Qualitative assessment of filtered or unfiltered individual leads may help to identify late potentials in these situations, but this is highly subject to interobserver and intraobserver variability.
3) The anterior and septal regions of the heart are depolarized early in the QRS complex during sinus rhythm. As a result, the SAECG is less sensitive and has a lower predictive accuracy for predicting VT In this study, the increase in sensitivity of the 28-lead body surface mapping system may have been due to improvements in the above limitations. 1) More leads were used to "search" for late potentials and each of the 28 leads was analyzed individually. 2) In the situation where the late potentials may have been of relatively low amplitude, unfavorable signal-to-noise ratios were unlikely to have been present in the "views" of all 28 leads. One or more leads whose vector VT. Previously reported sensitivity of the SAECG in identifying patients with sustained VT and ischemic heart disease has ranged from 50% to 92%, while specificity has ranged from 62% to 93%.32,35-41 The variation is due to different criteria for late potentials, differences in the VT population as well as control groups, and different definitions of VT. In general, when a shorter QRS duration is used to define late potentials, the sensitivity improves but at a cost of lower specificity. Thus, although the sensitivity achieved by the vector magnitude method in this study may appear low (54%), it was achieved with a relatively high specificity (84%). This is consistent with previous studies where sensitivities of stratification, there was a tendency for this group to have larger infarcts and higher-grade ventricular ectopy than might otherwise have been the case. This was, therefore, a population in which there was a higher incidence of false-positive SAECGs resulting in a lower specificity than would otherwise have been the case. To obtain the relatively high specificity in our overall study population, there was a compromise in the sensitivity. However, since the postinfarction group before hospital discharge is the target population for whom the SAECG will be of most use, we felt that such a control group was an appropriate "training set."
The cut points in this study were deliberately derived solely from computer results with no overreading so that time-consuming qualitative assessment of all 28 leads individually in each patient would not be required in future prospective studies. Since no overreading or qualitative assessment was applied, it is possible that certain leads would wrongly detect artefacts as late potentials. Moreover, since onsets and offsets were identified by computer algorithms based solely on mean and SD values of the noise levels in the ST segment, it is possible that one out of the 28 leads would be abnormal in a patient with no VT. The criteria for defining late potentials using the optimal array were based on the number of leads where QRS duration exceeded 120 msec. If the number of leads (nx) required to exceed this duration were reduced, the sensitivity would improve and specificity would drop. The arbitrary criterion in this study of three or more leads exceeding a QRS duration of 120 msec to define abnormality appeared to provide a reasonable balance between sensitivity and specificity.
An interesting observation from this study was that the two commonly used criteria to define late potentials -QRS duration and V40 -were interdependent. Thus, for each combination of QRS duration with V40, there was an identical result achievable by using only a 
Conclusions
Detection of late potentials can be improved by applying body surface mapping in the form of a clinically practical, 28-lead optimal array to the SAECG. This results in a 15% improvement in sensitivity without any loss in specificity. The increased sensitivity was of equal magnitude for patients with prior inferior as well as those with prior anterior infarctions. The superiority and practicality of the 28-lead optimal array make it worth pursuing as an option for further refinement in SAECG.
